. Theta-frequency resonance in frequency, and the resonant frequency is just below the natuhippocampal CA1 neurons in vitro demonstrated by sinusoidal ral oscillation frequency for a linear system. However, resocurrent injection. J. Neurophysiol. 79: 1592Neurophysiol. 79: -1596Neurophysiol. 79: , 1998. Sinusoi-nance at the theta frequency has not been clearly demondal currents of various frequencies were injected into hippocampal strated in hippocampal neurons (cf. Yu and Leung 1993). CA1 neurons in vitro, and the membrane potential responses were Garcia-Munoz et al. (1993), with sinusoidal currents of analyzed by cross power spectral analysis. Sinusoidal currents in-ú100 pA, showed that hippocampal neurons responded duced a maximal (resonant) response at a theta frequency (3-10 more to 7 than 2 or 14 Hz, but responses were not quantified Hz) in slightly depolarized neurons. As predicted by linear systems and resonance was not mentioned. Jahnsen and Karnup theory, the resonant frequency was about the same as the natural (1994) showed little resonance in power spectra of MPOs (spontaneous) oscillation frequency. However, in some cases, the resonant frequency was higher than the spontaneous oscillation of hippocampal neurons driven by band-pass white noise. frequency, or resonance was found in the absence of spontaneous
more to 7 than 2 or 14 Hz, but responses were not quantified Hz) in slightly depolarized neurons. As predicted by linear systems and resonance was not mentioned. Jahnsen and Karnup theory, the resonant frequency was about the same as the natural (1994) showed little resonance in power spectra of MPOs (spontaneous) oscillation frequency. However, in some cases, the resonant frequency was higher than the spontaneous oscillation of hippocampal neurons driven by band-pass white noise.
frequency, or resonance was found in the absence of spontaneous
In this study, a sharp resonance at the theta frequency was oscillations. The sharpness of the resonance (Q), measured by observed in many CA1 neurons driven by sinusoidal currents the peak frequency divided by the half-peak power bandwidth, in vitro. A sinusoidal input is selected because hippocampal increased from a mean of 0.44 at rest to 0.83 during a mean theta rhythm in vivo is almost sinusoidal (Leung and Yim depolarization of 6.5 mV. The phase of the driven oscillations 1986; Leung et al. 1982) . Systems analysis using sinusoidal changed most rapidly near the resonant frequency, and it shifted inputs is an established engineering technique (D'Azzo and about 90Њ over the half-peak bandwidth of 8.4 Hz. Similar results Houpis 1966; Gwinn and Westervelt 1986) . However, resowere found using a sinusoidal function of slowly changing frenance in other central neurons was demonstrated by an imquency as the input. Sinusoidal currents of peak-to-peak intensity pedance (Z) amplitude profile (ZAP) function input (Gutof ú100 pA may evoke nonlinear responses characterized by second and higher harmonics. The theta-frequency resonance in hippo- freund et al. 1995; Puil et al. 1986) , and thus the ZAP campal neurons in vitro suggests that the same voltage-dependent function (a sinusoidal function of slowly changing frephenomenon may be important in enhancing a theta-frequency quency) was also applied to CA1 neurons. response when hippocampal neurons are driven by medial septal or other inputs in vivo.
M E T H O D S
Rat hippocampal slices were recorded at 32ЊC in vitro using 3 I N T R O D U C T I O N M K acetate micropipettes of impedance 80-150 MV (Leung and Yim 1991) . The perfusate of pH 7.4 and saturated with 95% O 2 -5%
The hippocampal theta rhythm of Ç4-10 Hz is one of the CO 2 consisted of (in mM) 124 NaCl, Buzsaki et al. 1994 ).
culated as the maximal voltage deviation divided by the current Single hippocampal neurons in anesthetized animals during a hyperpolarizing current (0.2-0.4 nA) step of ú150 ms showed membrane potential oscillations (MPOs) in phase duration. Steady-state responses were analyzed at ú5 s after the with the theta electroencephalogram (EEG) (Fujita and Sato onset of a sinusoidal or a step current. Sinusoidal currents (Fig. 1964; Konopacki et al. 1992; Leung and Yim 1986) . The 1B) were applied by a function generator (Wavetek) at the bridge MPOs in vivo may consist of inhibitory (Fox 1989; Leung input of an Axon amplifier. A single microelectrode was used for both current injection and recording, with the bridge balanced. In and Yim 1986) or excitatory postsynaptic potentials (Fujita the extracellular medium, the bridge was balanced when a step and Sato 1964; Leung 1984; Nunez et al. 1987 ). Hippocamcurrent caused no DC potential change. When recorded intracellupal theta rhythm is driven by neurons in the medial septal larly, the bridge was balanced when a step current resulted in a area (Petsche et al. 1962 ), but there is also evidence of smooth rise of the membrane potential. Bridge balance was rhythm generation within the hippocampus (Bland and checked and maintained every 1-2 min and after prolonged DC Colom 1993) and the entorhinal cortex (Klink and Alonso injection. Maximal capacitance compensation that did not cause 1993).
ringing was used. Sinusoidal currents were injected both intraTheta-frequency MPOs were observed in single hippo-and extracellularly. In the extracellular medium, the response to campal CA neurons in vitro (Leung and Yim 1991) , sug-sinusoidal currents was small and not frequency selective. The gesting that single neurons may act as oscillators. An oscilla-ZAP function (Puil et al. 1986) , generated electronically by voltage control generation, was described by A*sin [2pf (t)*t] tor also may be driven to respond maximally at a resonant FIG . 1. CA1 neuron (23807) with different inputs. A: superimposed neuronal responses to 4 step currents (00.4, 00.2, 0.2, and 0.3 nA) injected at the point of the artifact (q). Note depolarizing afterpotential and 2-spike burst response after 0.3-nA step. Resting membrane potential (RMP) was 065 mV. B: 2 pairs of traces, each consisting of an top trace (input at 5 Hz) and bottom trace (membrane potential oscillation, MPO) during low and high input; the neuron was depolarized to a mean potential of 056 mV during the 5-Hz input. C: plot of peak-to-peak response to 5-Hz input, linear regression lines (R 2 ú 0.98) have slope 73 MV during rest (depolarizing current di 0 nA) and 102 MV during tonic depolarization (di 0.2 nA); the peak-topeak response was derived from the average power spectrum. D-F: spectra during a 5-Hz sine (thin trace) and impedance amplitude profile (ZAP) function (thick trace) inputs, both of 18 pA peak-to-peak amplitude. D: input logarithmic power as a function of frequency. E: MPO response in logarithmic power (in arbitrary units): spectra corresponding to low (18 pA) and high (95 pA) sinusoidal inputs are indicated; ᭺, 2nd harmonic. F: coherence z transform (z coherence) represents the ''cross-correlation'' between input and response as a function of frequency (z coherence Å 1 when cross-correlation coefficient Å 0.76).
over the period 2T, where A Å amplitude, and f (t) Å f o / ( f m 0 dB power) points, which were estimated by interpolation of the linear power values.
In addition to digital filtering (Leung and Yim 1991) , a single spike may be truncated manually at one to two points without 20 Hz, and T Å 5.5 s.
Testing of the amplifier frequency response was performed by editing the slower pre-and afterpotentials, which were indistinguishable from the MPOs. All neurons reported here had a firing injecting sinusoidal currents into a RC model cell (R Å 50 MV, RC Å 25 ms) in series with a 100-MV electrode. Estimates of the rate of õ3 /s, and spike truncation may reduce power at ú10 Hz but minimally affected the theta-frequency spectral estimates. impedance magnitude and phase of the model cell differed from the theoretical values by õ0.1 log unit and õ2Њ, respectively, for
The experimental data in the complex plane (resistance and reactance) were fitted by an electrical model of the membrane in input frequency õ30 Hz. Thus the amplifier circuitry (Fox 1982) did not significantly distort the recorded response. Changes in ca-the range of 1-20 Hz (experimental data were available at 1, 3, 5, 7, 10, and 20 Hz). The fit indicator (FI) used was FI Å S i pacitance compensation (range õ7 pF) was found to have negligible effects on the complex impedance of the model cell.
(
where Y i Å model value and X i Å data value, both at the ith frequency, X mean Å mean of the data The input and the amplified potentials were sampled and digitized (12 bits) at 200 Hz. Cross-talk between two channels was values, and X i , Y i , and X mean are complex numbers. The fit indicator FI essentially gives the mean error square as a fraction of the less than 030 dB. Data segments of 1,024 points were subjected to fast Fourier transform, and autopower and cross-power (phase variance of the data. and coherence) spectra were calculated (Leung et al. 1982 ; Lopes da Silva 1993). The frequency bin was 0.19 Hz, but because of R E S U L T S smoothing, only values every 0.98 Hz were independent of each A group of CA1 neurons studied in detail (n Å 20) had other. A spectrum typically had ú40 df to ensure reliability of the resting membrane potential (RMP) 062 { 1 mV (mean { phase and power estimates (Lopes da Silva 1993). The sharpness SE), spike height 78 { 2 mV, and input resistance 37 { of the resonance (Q) was estimated by the peak frequency divided 2 MV. All cells had afterpotentials characteristic of CA1 by the half-peak power bandwidth (HBW) (Feynman et al. 1963) .
HBW was the frequency interval between the half-peak power (03 pyramidal cells (Fig. 1A) .
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The response to a small sinusoidal current was sinusoidal and imposed on the background activity (Fig. 1B) . Power spectral analysis confirmed that the voltage output was at the same frequency and coherent with the input (Fig. 1,  D-F) . Increasing the input amplitude resulted in a slightly nonsinusoidal response (Fig. 1B) , manifested as a second harmonic (᭺, Fig. 1E ). In selected neurons, the second harmonic could be observed in MPO records that contained no spikes, suggesting that spike or afterpotentials do not cause the second harmonic. No subharmonics were observed.
The amplitude of the voltage response was approximately proportional to the amplitude of the small ( õ100 pA) sinusoidal input (Fig. 1C ) in all five neurons tested. A larger slope impedance was found during tonic depolarization than rest (Fig. 1C) . In the five neurons, the slope impedance during rest was 38.6 { 11.3 MV, which increased 1.4 { 0.1 times during tonic depolarization (of 8 { 1 mV). The nonzero ''response'' at zero sinusoidal current was the background spontaneous activity.
In the example shown (Figs. 2 and 3A), the resonant frequencies during rest and tonic depolarization were both at 5 Hz, although the 5 Hz response was larger during tonic depolarization than rest. In other neurons, the resonant frequency was higher during tonic depolarization than rest (Table 1). The sharpness of the resonance Q was also higher during tonic depolarization than rest (Table 1 ). In the group of 20 CA1 neurons, we found a resonant frequency of 5.7 { 0.4 Hz, HBW of 8.4 { 1.4 Hz, and Q of 0.83 { 0.07 (range 0.24-1.48) during a tonic depolarization of 6.5 { 0.8 mV.
The sharpness of the frequency peak (Q) was compared between spectra obtained during sinusoidal current injection and during the ''spontaneous'' condition with no sinusoidal input. In the example shown (Fig. 3A) , both spontaneous and driven activities peaked at Ç5 Hz during tonic depolarization. However, at rest, a broad 5 Hz peak was found in FIG . 3. Power and phase spectra of neuron shown in Fig. 2 ; symbol legend in A applies to A-C parts of the figure. A: spontaneous (spon; right axis) and sine-driven power spectra ( -ᮀ -, -ࡗ -; left axis) during rest (0 nA) or tonic depolarization (di 0.2 nA). Frequency peak is sharper during depolarization than rest, and for driven than spontaneous activity. B: phase spectrum shows a steep phase change near the resonant frequency. C: plot of complex impedance of neuron during rest and tonic depolarization. An electrical model (left inset), using parameters R m Å 220 MV, C m Å 0.32 nF, R L Å 49 MV, and L Å 3.74 MH, generates rrr; X, response at a particular frequency (Hz). Model responses approximate the experimental data during depolarization (ᮀ), with larger deviations at 7 and 10 Hz than other frequencies. Fit indicator (METHODS) was 0.16. ---, link of the experimental responses at rest (ࡗ).
the driven spectrum but no clear peak was found in the  FIG . 2 . A-C: sinusoidal current injection in a CA1 neuron ( 23702) at spontaneous spectrum (Fig. 3A) . The latter spectrum was 1 Hz (A), 5 Hz (B), and 10 Hz (C); peak-to-peak current was 38 pA. F, characteristic of a low-pass filter. In the group, during tonic application of step depolarizing current (0.2 nA). Each pair of traces condepolarization, the resonant frequency (5.7 { 0.4 Hz) was sists of the input current (top) and membrane potential (bottom). RMP was 058 mV. Spike tops were truncated. ᭺, infrequent spontaneous event.
higher than the spontaneous peak frequency (4.7 { 0.4 Hz) J188-7RC / 9k26$$mr17 02-16-98 08:36:00 neupa LP-Neurophys All 12 neurons were given a sinusoidal current but only 7 of the 12 neurons were given a sine wave with changing frequency [impedance amplitude profile (ZAP) input]. The parameters evaluated by sine and ZAP inputs were not different from each other in a given (rest or depolarized) state. n Å 12 for sine input [10 rest (2 cells showed no resonant peak), 12 depolarized]; n Å 7 for ZAP input [5 rest (2 cells showed no resonant peak); n Å 7 depolarized]. * P õ 0.01, † P õ 0.05, paired Wilcoxon, rest value different from depolarized value.
(P õ 0.05, paired Wilcoxon, n Å 20). Q was not signifi-ú100 pA, as shown by responses with the second and higher harmonics (Fig. 1) . This type of nonlinearity rarely has been cantly different between spontaneous and driven spectra obtained during tonic depolarization. In 12 neurons at rest, a addressed before, and harmonics cannot be revealed by ZAP inputs. The harmonics of the MPOs may contribute to the frequency peak was observed in 10 neurons during sinusoidal driving (Table 1) but only in 5 neurons in the spontane-harmonics of the theta rhythm in behaving rats (Leung et al. 1982) . ous spectrum, i.e., a frequency peak occurred more reliably with than without sinusoidal driving (P õ 0.05, x 2 ). The theoretical prediction that the resonant frequency is near the natural oscillation frequency mainly is confirmed. The phase of the driven activities changed rapidly at low frequency, and most rapidly at the resonant frequency (Fig. However, two findings are not expected. First, the resonant frequency was slightly higher than the spontaneous (pre-3, B and C). The phase change with frequency was faster for a high than a low Q (Fig. 3B) . With tonic depolarization, sumed natural) frequency, and second, near rest, resonance may be observed without clear spontaneous oscillations. a phase shift of 87 { 9Њ (n Å 20) was observed over the interval of the half-peak-bandwidth.
These two results may be attributed partly to a voltagedependent nonlinearity. Because a slight depolarization may Because resonance has been attributed to a phenomenological inductance in the membrane (Mauro et al. 1970 ; Puil turn on oscillations, a small sinusoidal input may be expected to add to the root-mean-square voltage and enhance the et al. 1986), we have attempted to see if a similar electrical model may approximate the theta-frequency resonance of resonant response of the neuron. Similarly, Puil et al. (1986) found that the resonant frequency was typically higher than CA1 neurons. The proposed electrical model consists of membrane resistance R m , capacitance C m , and a inductance the predicted natural frequency of trigeminal motoneuron, and Gutfreund et al. (1995) inferred spontaneous and driven (L) plus resistance (R L ) in parallel ( Fig. 3C ) (Crawford and Fettiplace 1981; Puil et al. 1986 ). The experimental and oscillations had different requirements in frontal cortex neurons. model-generated data are drawn in the complex impedance plot (Fig. 3C) . In the example shown, the model approxi-A persistent Na / current and a slow K / current were important for MPOs in frontal cortical neurons (Gutfreund mates the experimental responses well at õ7 Hz but less well at the falling phase of the resonant peak (7-10 Hz). et al. 1995) as well as for the spontaneous hippocampal MPOs (Leung and Yim 1991) and their resonance (unpubIn eight neurons, the fit indicator (METHODS) averaged 0.24 { 0.04 (n Å 8). The estimated model parameters were lished data). A phenomenological membrane inductance has been inferred for other neurons (Mauro et al. 1970 ; Puil et natural frequency f p Å 1/(2p LC m ) Å 3.87 { 0.48 Hz, al. 1986) , and a similar second-order model with inductance R m Å 358 { 143 MV, R L Å 77 { 16 MV, and C m Å (Fig. 3C) can account for the main characteristics of the 0.37 { 0.08 nF (all n Å 8).
complex impedance (i.e., both amplitude and phase) near In seven neurons given a ZAP input (õ50 pA peak-tothe resonant peak of CA1 neurons. peak amplitude), the resulting Q and HBW estimates did A rapid phase change near the resonant frequency and a not differ significantly from those using sine inputs (Table  Ç90Њ shift across the HBW are typical of an oscillatory 1). The ZAP input had a relatively flat power between 3 system (D'Azzo and Houpis 1966). A voltage-dependent and 18 Hz (Fig. 1D ), but the response (Fig. 1E) showed a mechanism partly controls the theta-frequency phase shift, peak at 4.5 Hz. For the low-amplitude ZAP input used, the e.g., the phase of the driven MPOs at 7-10 Hz shifted Ç30Њ response outside of the theta-frequency range was small. from rest to tonic depolarization (Fig. 3B) . The latter mechanism may explain in part the progressive increase in the D I S C U S S I O N theta-frequency phase shift between unit firing and theta EEG as a rat crossed a particular location in space (O'Keefe This is an original study of the resonant response of single hippocampal neurons. For small signals, the membrane re-and Reece 1993). Other mechanisms, e.g., two theta inputs of different phases (Leung 1984) or asynchronous field and sponses obeyed the principles of proportionality and superposition, i.e., the system may be regarded as linear, and thus cellular oscillators, also may be involved.
The present results are relevant to the generation of the similar results were found using ZAP and sinusoidal inputs. However, deviation from linearity was found for currents hippocampal theta rhythm in vivo. While the in vitro rhythms J188-7RC / 9k26$$mr17 02-16-98 08:36:00 neupa LP-Neurophys
